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a b s t r a c t
Classical swine fever virus (CSFV) Core protein is involved in virus RNA protection, transcription
regulation and virus virulence. To discover additional Core protein functions a yeast two-hybrid system
was used to identify host proteins that interact with Core. Among the identiﬁed host proteins, the
osteosarcoma ampliﬁed 9 protein (OS9) was further studied. Using alanine scanning mutagenesis, the
OS9 binding site in the CSFV Core protein was identiﬁed, between Core residues 90IAIM93, near a putative
cleavage site. Truncated versions of Core were used to show that OS9 binds a polypeptide representing
the 12 C-terminal Core residues. Cells transfected with a double-ﬂuorescent labeled Core construct
demonstrated that co-localization of OS9 and Core occurred only on unprocessed forms of Core protein.
A recombinant CSFV containing Core protein where residues 90IAIM93 were substituted by alanines
showed no altered virulence in swine, but a signiﬁcant decreased ability to replicate in cell cultures.
Published by Elsevier Inc.
Introduction
Classical Swine Fever (CSF) is a highly contagious disease of
swine. The etiological agent, Classical Swine Fever Virus (CSFV), is
a small, enveloped virus with a positive, single-stranded RNA
genome. CSFV, along with Bovine Viral Diarrhea Virus (BVDV) and
Border Disease Virus (BDV), are classiﬁed as members of the genus
Pestivirus within the family Flaviviridae (Fauquet and Fargette,
2005). The 12.5 kb CSFV genome contains a single open reading
frame that encodes a 3898-amino-acid polyprotein and ultimately
yields 11–12 ﬁnal cleavage products (NH2-Npro-C-Erns-E1-E2-p7-
NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH) through co- and post-
translational processing of the polyprotein by cellular and viral
proteases (Rice, 1996). Structural components of the CSFV virion
include the Core protein and glycoproteins Erns, E1 and E2.
Many aspects of the functional signiﬁcance of the glycoproteins
have been studied in detail (Meyers et al., 1999; Risatti
et al., 2005a,b,2006,2007a,b; van Rijn et al., 1994).
Relative to the glycoproteins, the Core protein has received limited
attention. The Core protein of pestiviruses is a small, highly basic
polypeptide that is cleaved at its N-terminus by Npro, an event critical
for infectious particle production (Stark et al., 1993). It is also known
that the C-terminus of Core is cleaved by signal peptide peptidase
(Heimann et al., 2006). The Core protein of BVDV has additionally been
characterized as lacking signiﬁcant secondary structures and contains
a region of intrinsic disorder (Ivanyi-Nagy et al., 2008; Murray et al.,
2008). Core protein has been shown to act as a transcriptional
regulator (Liu et al., 1998), to be involved in virulence in swine
(Gladue et al., 2010,2011; Riedel et al., 2012), and as an internal
structure thought to protect the viral RNA (Liu et al., 1998), although
the essentiality of this function is currently under study (Riedel et al.,
2012).
The host protein partners involved in CSFV infection have recently
started to be characterized (Gladue et al., 2010,2014,2011; He et al.,
2014). Previously, we have shown that CSFV Core protein interacts
with host proteins SUMO-1 (small ubiquitin-like modiﬁer), UBC9
(E2 SUMO-conjugating protein) and IQGAP1 (IQ motif containing
GTPase activating protein 1), a prominent regulator of the cell
cytoskeleton (Gladue et al., 2010,2011). In these cases, substitution of
Core amino acid residues involved with binding to these host proteins
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resulted in virus attenuation in swine. To further understand mole-
cular mechanisms ruling different aspects of CSFV infection, we
expanded our previous studies to the identiﬁcation of additional host
factors interacting with the Core protein using a yeast two-hybrid
screening approach utilizing a swine macrophage library.
Here, we report that screening revealed several speciﬁc binding
partners for the Core protein. OS9, a protein involved in the
endoplasmic reticulum-associated degradation (ERAD) pathway,
was identiﬁed and selected for more in-depth studies. Utilizing
alanine scanning mutagenesis, we identiﬁed the binding site for
OS9 within the CSFV Core protein. More speciﬁcally, we demon-
strated that OS9 binds the Core C-terminus of unprocessed Core,
before the C-terminus is cleaved by signal peptide peptidase.
A recombinant CSFV containing a modiﬁed Core protein lacking
the OS9 binding site presented a signiﬁcant decreased ability to
replicate in primary swine macrophage cell cultures, the natural
cell target during the infection.
Results
CSFV structural Core protein binds swine OS9 protein
To identify possible host proteins that interact with CSFV Core
protein, we constructed an N-terminal fusion of the Gal4 protein
binding domain to the Core protein as ‘bait’ for the yeast two-hybrid
system. We screened 41107 independent yeast colonies, from a
swine primary macrophage cDNA library containing 3 106 indepen-
dent clones. These colonies were selected for growth on -Leu/-Trp/-
His/-Ade media. Plasmids were isolated from positive colonies and
sequenced. In-frame proteins were retested for speciﬁcity to the Core
protein. As a negative control proteins were tested for binding the
human Lamin C (Lam-BD) protein and BD protein alone. Eleven
proteins were identiﬁed as speciﬁc binding partners for the CSFV Core
protein (Table 1). One of these proteins, OS9, was selected for further
study. OS9 is involved in the endoplasmic reticulum-associated
degradation (ERAD) pathway eliminating misfolded glycoproteins in
the ER. OS9 speciﬁcally bound Core protein when compared to the
binding of negative controls, human Lamin C (Lam-BD), and T-antigen
(Tag-AD), proteins commonly used as negative controls in the yeast
two-hybrid system (Fig. 1).
Mapping areas of CSFV Core protein critical for OS9 recognition
To identify the binding site(s) for OS9 in the CSFV Core protein,
an alanine scanning mutagenesis approach was used. Site-directed
mutagenesis was used to construct a set of 23 mutant Core
proteins containing the indicated sequential stretches of amino
acids where the native amino acid residues were substituted by
alanine residues (Fig. 2). Interestingly, OS9 was able to bind all of
the Core alanine mutants except for mutant 21, where Core native
residues 90IAIM93 were mutated to 90AAAA93. This area is particu-
larly interesting, since it has been shown (Heimann et al., 2006)
that Core is processed by a signal peptide peptidase between
residues A88 and V89, suggesting that OS9 may bind the unpro-
cessed version of Core.
To determine if OS9 binds the full-length unprocessed form or the
processed version of Core, truncated versions of Core, spanning
residues 1–88 (CoreΔ12) and the processed C terminal peptide (Core
C-12) were developed (Fig. 2). These truncated versions of the Core
protein were then assessed for their ability to bind OS9 using the two-
hybrid system. Although OS9 was unable to bind the processed
version of Core, CoreΔ12, it was able to bind the C-terminal peptide,
Core C-12. These results conﬁrm those obtained with the alanine
scanning mutagenesis approach demonstrating that OS9 binds the C-
terminal area of Core. This result would locate the OS9 binding site
near residues 88AV89 previously described as the target for the signal
peptide peptidase (Heimann et al., 2006), suggesting that OS9-Core
interaction may take place prior to Core being cleaved by the signal
peptide peptidase.
To evaluate whether the interaction between Core and OS9 is
dependent on Core integrity, a double-labeled Core plasmid construct
was created and its reactivity with OS9 analyzed in vitro using cell
culture. To distinguish between the full-length and the processed
version of the Core protein, a double-labeled Core construct was
developed where GFP and RFP were fused to the N-terminus and the
C-terminus of the Core protein, respectively (Fig. 3). This construct was
transfected into Vero cells and localization of Core and OS9 was
assessed using double-label immunoﬂuorescence microscopy. Results
indicated that co-localization of OS9 and Core occurred only when GFP
and RFP co-localized. This supports the hypothesis that OS9 binds only
full-length Core protein, and not to any of the truncated sub-products
obtained after Core is processed. In addition, a mutant version of Core
protein was constructed lacking the binding domain for OS9, with
residues 90IAIM93 substituted by 90AAAA93. When this construct was
transfected into Vero cells, no co-localization with OS9 was observed,
supporting the two-hybrid results that 90IAIM93 is the binding site in
the Core protein for OS9 (Fig. 3B).
Table 1
Swine host proteins that interact with the CSFV Core protein by yeast two-hybrid
system.
Symbol Gene name
OS9 Osteosarcoma ampliﬁed 9, endoplasmic reticulum lectin
IQGAP1a IQ motif containing GTPase activating protein 1
SUMOb Small ubiquitin-like modiﬁer
UBC9b UBE2I ubiquitin-conjugating enzyme E2I
UBA3 Ubiquitin-like modiﬁer activating enzyme 3
BAZ1A Bromodomain adjacent to zinc ﬁnger domain, 1A
CLTC Clathrin, heavy chain
HINT1 Histidine triad nucleotide binding protein 1
UBQLN1 Uubiquilin 1
Mon2 MON2 homolog (S. cerevisiae)
CPSF2 Cleavage and polyadenylation speciﬁc factor 2, 100 kDa
a Published (Gladue et al., 2010).
b Published (Gladue et al., 2011).
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Fig. 1. Yeast strain AH109 was transformed with the indicated Gal4-binding
domain (BD) or the Gal4 activation domain (AD). The CSFV Core protein and swine
OS9 protein were tested for interaction using the yeast-two hybrid system. Lam and
T7 proteins were used as negative control proteins. Strains expressing the indicated
constructs containing 2106 yeast cells were spotted onto selective media to
evaluate protein–protein interaction in the yeast two-hybrid system, using either
selective SD-Ade/His/Leu/Trp media (top panel) or nonselective SD-Leu/Trp media
(bottom panel) for plasmid maintenance only.
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Development of CSFV OS9 (CoreΔIAIMv) mutant virus
To further evaluate the role of CSFV Core-OS9 binding for CSFV
function a recombinant virus based on virulent strain Brescia
(BICv) were constructed containing poly-alanine substitutions in
the previously described Core area critical for OS9 binding
(90IAIM93 substituted by 90AAAA93). Mutations were introduced
by site-directed mutagenesis into a full-length cDNA copy of CSFV
strain Brescia (pBIC) (Risatti et al., 2005a). Infectious RNA was
in vitro transcribed from full-length ICs of pBIC and used in SK6
cell transfections. Henceforth, the mutant virus produced is
referred to as CoreΔIAIMv. Viruses were rescued from transfected
cells by 4 dpi (days post-infection). Nucleotide sequences of viable
rescued virus genomes were identical to parental DNA plasmids,
conﬁrming that only mutations in targeted sites were present in
rescued viruses.
Replication of CoreΔIAIMv mutants in vitro
in vitro growth characteristics of mutant virus CoreΔIAIMv
were evaluated relative to parental pBIC-derived virus (BICv) in a
multi-step growth curve (Fig. 4). Primary swine macrophage cell
cultures were infected at a multiplicity of infection (MOI) of 0.01
TCID50 per cell. Virus was adsorbed for 1 h (time zero), and
samples were collected at 24 and 48 h post-infection (hpi). Results
demonstrated that CoreΔIAIMv exhibited a signiﬁcantly decreased
virus yield (between 10 and 1000 times less, depending on the
time point considered) when compared to parental BICv in a host
cell type that is one of the natural target cells during the infection
in swine. This data indicates that altering the 90IAIM93 region
affects virus replication, probably by impeding the interaction
between viral Core and host OS9.
Evaluation of the role of CSFV Core-OS9 binding in virus virulence
in swine
To examine the possible effect(s) of mutating the OS9 binding
site of Core on CSFV virulence, 105 TCID50 of CoreΔIAIMv was
intranasally (IN) inoculated into naïve swine. After inoculation,
survival of pigs inoculated with the mutant virus was assessed
relative to animals infected with virulent BICv. BICv exhibited a
characteristic virulent phenotype (Table 2) where none of the
control pigs survived the infection; moribund animals that had not
yet succumbed to disease were euthanized around 8–9 dpi.
Similarly, animals inoculated with CoreΔIAIMv virus were
dead by 9 dpi. Accordingly, viremia titers in CoreΔIAIMv- and
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Fig. 2. Mapping the OS9 binding site in CSFV Core protein. (A) Scheme showing
Core alanine mutants used in the present study. The number of each alanine
mutant is followed, in parentheses, by the amino acid residues mutated for that
mutant. All indicated residues were mutated to an alanine. The highlighted Core
mutant 21 represents the mutation that resulted in lack of binding of Core to OS9 in
the yeast two-hybrid system. (B) Yeast strain AH109 was transformed with either
GAL4-binding domain (BD) fused to Core (Core-BD), the indicated Core mutation, or
as a negative control human lamin C (Lam BD). These strains were then
transformed with GAL4 activation domain (AD) fused to OS9 (OS9-AD) as indicated
above. Strains expressing the indicated constructs containing 2106 yeast cells
were spotted onto selective media to evaluate protein-protein interaction in the
yeast two-hybrid system, using either SD-Ade/His/Leu/Trp media (top panel) or
nonselective SD-Leu/Trp media (bottom panel) for plasmid maintenance only.
(C) Schematic representation of the Core constructs that were designed: CoreΔ12
(Core residues 1–88) lacks the last 12 amino acids of the Core protein, and Core-C12
(Core residues 88–100) consists of only the last 12 amino acids of the Core protein.
(D) Yeast strain AH109 was transformed with the indicated plasmids and tested in
the yeast-two hybrid system, using either SD-Ade/His/Leu/Trp media (top panel) or
nonselective SD-Leu/Trp media (bottom panel) for plasmid maintenance only.
GFP Core          IAIM RFP
GFP Core          AAAA RFP
Core90IAIM93 
GFP RFP OS-9 MERGE
Core90AAAA93 
Fig. 3. Protein–protein interaction of CSFV Core with swine OS9 in immunoﬂuor-
escence microscopy. Analysis of the distribution of Vero cells transfected with
double-labeled Core and OS9 proteins. Cells were transfected and processed by
immunoﬂuorescence staining as described in Materials and Methods. CSFV Core
was double-labeled by fusing Core gene with GFP and RFP at its N and C terminus,
respectively. Transfections were performed either using the native Core amino acid
sequence (Core 90IAIM93) or the mutated form (Core 90AAAA93). OS9 was detected
with rabbit pAb (BC100-52) and visualized with Alexa Fluor 405 (blue).
D.P. Gladue et al. / Virology 460-461 (2014) 173–179 175
BICv-inoculated animals were almost indistinguishable (Fig. 5).
Therefore, although it decreases the ability to replicate in cell
culture, it appears that disrupting the Core-OS9 interaction does
not signiﬁcantly alter CSFV pathogenesis in swine.
Discussion
Here we describe a speciﬁc interaction between the cellular
OS9 protein and the CSFV Core protein. We were able to show by
both yeast two-hybrid and by immunoﬂuorescence that OS9 binds
the unprocessed Core protein in the area comprised of residues
90IAIM93. The C-terminus of Core is processed by signal peptide
peptidase, cleaving off the last 12 amino acids of Core (Heimann
et al., 2006); although the OS9 binding site is in close proximity to
the cleavage site, it is the cleaved portion of Core that harbors
90IAIM93. Although it is possible that mutating these residues
could affect Core cleavage, previous reports have determined that
Core cleavage is not absolutely critical for virus replication
(Heimann et al., 2006). In this study, we determined that OS9
binds only the full-length Core, prior to its processing by signal
peptide peptidase.
This builds upon our previous studies of the Core protein where
we were able to show that Core binds several host proteins,
including SUMO, UBC9 and IQGAP (Gladue et al., 2010; Gladue
et al., 2011). In these studies, the binding of the identiﬁed host
proteins was determined to be essential to virus virulence; when
the host protein binding sites were mutated in the Core protein
there was a reduced replication of the viruses in vitro and in swine.
Conversely, no differences were observed in swine infected with a
virus lacking the ability to bind to OS9 when compared to those
infected with the parental virus. However, when we introduced a
mutation into the infectious clone that disrupted Core binding to
OS9, virus replication was signiﬁcantly reduced in primary swine
macrophage cell cultures, the natural target of CSFV. We conclude
that the OS9-Core interaction affects, in a still unknown mechan-
ism, the efﬁciency of virus replication.
OS9 appears to be important for CSFV virus replication in macro-
phages. OS9 has previously been shown to be involved in the
degradation of misfolded glycoproteins (Huttner et al., 2012), which
could be signiﬁcant since CSFV Erns, E1 and E2 are heavily glycosylated
structural proteins. It is possible that binding of OS9 by the Core
protein could prevent degradation of viral glycoproteins. It is also
possible that this interaction is a redundant virus function, as there
was no observable decrease in virus virulence in swine. It appears that
either the structural glycoproteins of CSFV are not recognized as
misfolded proteins, or that the virus has multiple ways of preventing
its glycoproteins from being degraded.
In addition to CSFV Core binding to OS9 and other host proteins
that we have previously characterized (SUMO, UBC9 and IQGAP),
seven other proteins were identiﬁed in our study (Table 1). Further
studies will be required to determine the signiﬁcance of these
protein interactions for viral infection. Two proteins that were
identiﬁed as binding proteins for the Core protein, UBA3 (ubiqui-
tin-like modiﬁer activating enzyme 3) and UBQLN1 (ubiquilin 1),
are involved in post-translational modiﬁcation of proteins. It is
possible that these proteins could modify the Core protein during
infection which may alter the potential functions of the Core
protein. A siRNA screen identiﬁed UBA3 as a requirement for HIV
infection; however, the function of this interaction is still
unknown (Dziuba et al., 2012). CPSF2 (cleavage and polyadenyla-
tion speciﬁc factor 2, 100 kDa) is involved in the polyadenylation of
mRNA and has recently been shown to also interact with the NSm
protein of Rift Valley Fever virus (Engdahl et al., 2012), although
the functional signiﬁcance of this interaction is still unknown.
The CPSF complex has been shown, however, to be regulated by a
HIV protein that is involved in regulating both viral and host
mRNA processing (Calzado et al., 2004; de la Vega et al., 2007).
Inﬂuenza A virus non-structural protein NS1 has been shown to
interact with CPSF (30 kDa), preventing host gene expression.
BAZ1A (bromodomain adjacent to zinc ﬁnger domain, 1A) is the
accessory subunit of the ATP-dependent chromatin assembly
factor (ACF), which has been shown to be involved in DNA
double-strand damage repair (Lan et al., 2010) and in controlling
the G2/M cell cycle checkpoint (Sanchez-Molina et al., 2011). In
adenovirus, the E4 open-reading-frame 4 (E4orf4) protein has
been shown to interact with ACF (ATP-dependent chromatin-
remodeling factor) to induce cell death (Brestovitsky et al., 2011).
Since CSFV infection does not induce cell death it could be possible
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Fig. 4. in vitro growth characteristics of CoreΔIAIMv virus mutant and parental
BICv. Primary swine macrophage cell cultures were infected (MOI¼0.01) with each
of the mutants or BICv and virus yield titrated at 24 and 48 h post-infection in SK6
cells. Data represent means and standard deviations from two independent
experiments. Sensitivity of virus detection: Z log 10 0.8 TCID50/ml.
Table 2
Swine survival and fever response following infection with CSFV CoreΔIAIMv
mutant and parental BICv.
Virus Fever
No. of
survivors/
total
Mean time
to death
(days7SD)
No. of days
to onset
(days7SD
Duration
no. of days
(days7SD)
Maximum
daily temp.
(7SD)
BICv 0/4 8.5 (1.91) 3.5 (0.5) 4.5 (1.89) 106.45 (0.5)
CoreΔIAIMv 0/4 9 (2) 4.75 (0.5) 4.75 (2.08) 106.6 (0.28)
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Fig. 5. Virus titers in clinical blood samples from pigs infected with mutant
CoreΔIAIMv (animal ♯ 125–128) and parental BICv (animal ♯ 129–130). Values are
expressed as log10 TCID50/ml. Sensitivity of virus detection: Zlog10 0.8 TCID50/ml.
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that Core protein interacts with BAZ1A to prevent the induction of
cell death by ACF, but further studies would be required to
determine if this is the case. CLTC (clathrin, heavy chain) was also
determined to interact with the Core protein of CSFV. BVDV has
been shown to undergo clathrin-mediated endocytosis (Grummer
et al., 2004), suggesting that the Core protein could bind clathrin
during viral entry, uncoating after entry to disrupt and escape the
clathrin-coated pits. Mon2 (MON2 homolog S. cerevisiae) has been
shown to regulate endosome-to-Golgi trafﬁcking (Mahajan et al.,
2013). In addition, Mon2 has been shown to be an essential host
protein for HIV-1, where depletion of Mon2 results in the inability of
HIV-1 to produce infectious particles (Tomita et al., 2011). HINT1
(histidine triad nucleotide binding protein 1), another host factor that
binds CSFV Core protein, can hydrolyze substrates such as AMP-
morpholidate, AMP-N-alanine methyl ester, AMP-alpha-acetyl lysine
methyl ester and AMP-NH2. HINT1 dysregulation has been shown to
be involved in various diseases; however, no studies have shown this
protein to be involved during any viral infection.
In summary, we utilized the yeast two-hybrid system to
identify host proteins that interact with the CSFV Core protein.
This study, along with previous reports by us and others, suggests
that Core protein has many different functions that impact viral
replication and virus virulence. Although the role for OS9 binding
to the Core protein is not clear, our data does clearly indicate that
Core protein binds OS9 and that the binding site resides in the
unprocessed Core protein. There have been no previous studies of
pestiviruses indicating a role for unprocessed Core protein. Our
study suggests that it is possible that the Core protein may
function differently in both an unprocessed form and after
cleavage of the C-terminus. It is of signiﬁcant importance to gain
insights into host-viral protein interactions in order to understand
the molecular mechanisms of viral replication and virulence. By
understanding the pathways and protein players involved we will
be able to gain better insights into the potential development of
better countermeasures to control CSFV infection in swine.
Materials and methods
Viruses and cells
Swine kidney cells (SK6) (Terpstra et al., 1990), free of BVDV,
were cultured in Dulbecco's Minimal Essential Media (DMEM)
(Gibco, Grand Island, NY) with 10% fetal calf serum (FCS) (Atlas
Biologicals, Fort Collins, CO). CSFV Brescia strain was propagated in
SK6 cells and used for the construction of an infectious cDNA clone
(IC) (Risatti et al., 2005a). Growth kinetics was assessed on
primary swine macrophage cell cultures prepared as described
(Zsak et al., 1996). Titration of CSFV from clinical samples was
performed using SK6 cells in 96-well plates (Costar, Cambridge,
MA). Viral infectivity was detected, after 4 days in culture, by an
immunoperoxidase assay using the CSFV monoclonal antibody
WH303 (Edwards et al., 1991) and the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA). Titers were calculated using the
method of Reed and Muench (1938) and expressed as TCID50/ml.
As performed, test sensitivity was Z1.8 TCID50/ml.
Construction of a library of CSFV Core poly-alanine mutant proteins
Full-length pBIC (Risatti et al., 2005a) was used as a template in
which desired amino acids were substituted with alanine, intro-
duced by site-directed mutagenesis using the QuikChange XL Site-
Directed Mutagenesis Kit (Stratagene, Cedar Creek, TX) performed
per manufacturer's instructions (Gladue et al., 2012) (Table 1).
Primers were designed using the manufacturer's primer design
program (https://www.genomics.agilent.com/CollectionSubpage.
aspx?PageType¼Tool&Sub PageType¼ToolQCPD&PageID¼15),
which limited us to a maximum of seven amino acid changes
and provided the rationale for deciding on the regions to be
mutated. All Core mutants were completely sequenced to conﬁrm
the presence of expected modiﬁcations and absence of unwanted
substitutions.
Construction of CSF Core mutant virus
A full-length IC of the virulent CSFV Brescia strain (pBIC) (Risatti
et al., 2005a) was used as a template in which Core residues 90IAIM93
were substituted by alanines (CoreΔIAIM). Amino acid substitutions
were introduced by site-directed mutagenesis using the QuikChange
XL Site-Directed Mutagenesis Kit (Stratagene, Cedar Creek, TX) per-
formed per manufacturer's instructions and using the manufacturer's
primer design program described earlier. pBIC and CoreΔIAIM were
completely sequenced to conﬁrm the presence of expected modiﬁca-
tions and absence of unwanted substitutions.
In vitro rescue of CSFV Brescia and Core mutants
Full-length genomic clones were linearized with SrfI and
in vitro transcribed using the T7 MEGAscript system (Ambion,
Austin, TX). RNA was precipitated with LiCl and transfected into
SK6 cells by electroporation at 500 V, 720 Ω, 100 Wwith a BTX 630
electroporator (BTX, San Diego, CA). Cells were seeded in 12-well
plates and incubated for 4 days at 37 1C and 5% CO2. Virus was
detected by immunoperoxidase staining as described above, and
stocks of rescued viruses were stored at r70 1C. Virus replica-
tion characteristics were evaluated in multi-step growth curves.
SK6 cells were infected at a MOI¼0.01 TCID50 and virus adsorbed
for 1 h (time zero). Samples were then collected at times post-
infection through 48 hpi, and virus yields titrated on SK6 cells.
Virus titers were calculated using the method of Reed and Muench
(Reed and Muench, 1938) and expressed as TCID50/ml. As per-
formed, test sensitivity wasZ1.8 TCID50/ml.
DNA sequencing and analysis
Full-length clones and in vitro-rescued viruses were completely
sequenced with CSFV-speciﬁc primers by the dideoxynucleotide
chain-termination method (Sanger et al., 1977). Viruses recovered
from infected animals were sequenced in the mutated region.
Sequencing reactions were prepared with the Dye Terminator
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). Reac-
tion products were sequenced on an ABI PRISM 3730xl automated
DNA sequencer (Applied Biosystems, Foster City, CA). Sequence
data were assembled with the Phrap software program (http://
www.phrap.org), with conﬁrmatory assemblies performed using
CAP3 (Huang and Madan, 1999). The ﬁnal DNA consensus sequence
represented an average ﬁve-fold redundancy at each base position.
Sequence comparisons were conducted using BioEdit software
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html).
Development of the cDNA library
A porcine primary macrophage cDNA expression library was
constructed (Clontech, Mountain View, CA) using monocytes/
macrophages obtained from healthy CSFV-free swine exactly as
previously described (Gladue et al., 2010). Macrophage cultures
were prepared from deﬁbrinated swine blood. Total RNA were
extracted from adherent cells using an RNeasy Mini Kit (Qiagen,
Valencia, CA). Contaminant genomic DNA was removed by DNase
treatment using TURBO DNA-free (Ambion, Austin, TX). After
DNase treatment, genomic DNA contamination of RNA stocks
was assessed by real-time PCR ampliﬁcation targeting the porcine
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β-actin gene. RNA quality was assessed using RNA Nano Chips on
an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA).
Cellular proteins were expressed as GAL4-AD fusion proteins while
CSFV Core was expressed as a GAL4-BD fusion protein.
Library screening
The GAL4-based yeast two-hybrid system was used for this
study (Chien et al., 1991; Fields and Song, 1989). The ‘bait’ protein,
CSFV Brescia Core protein (amino acid residues 168–268 of the
CSFV polyprotein), was expressed with an N-terminus fusion to
the GAL4 Binding Domain (BD). As ‘prey’, the previously described
swine macrophage cDNA library containing proteins fused to the
GAL4 Activation Domain (AD) was used. Screening was done as
previously described (Gladue et al., 2010).
Infection and transfection of cells for immunoﬂuorescence staining
Sub-conﬂuent monolayers of SK6 cells grown on 12mm glass
coverslips in 24-well tissue culture dishes were transfected with the
indicated plasmids. Twenty-four hours later they were transfected
with 0.5 μg of plasmid DNA using FuGene (Roche, Mannheim,
Germany), following the manufacturer's recommendations. At
19–24 h post-transfection the cells were ﬁxed with 4% paraformalde-
hyde (EMS, Hatﬁeld, PA) at the appropriate times and analyzed by
immunoﬂuorescence staining.
After ﬁfteen minutes ﬁxation, the paraformaldehyde was
removed, and the cells were permeabilized with 0.5% Triton X-
100 for 5 min at room temperature (RT) and incubated in blocking
buffer (phosphate-buffered saline [PBS], 5% normal goat serum, 2%
bovine serum albumin, 10 mM glycine, 0.01% Thimersal) for 1 h at
RT. The ﬁxed cells were then incubated with the primary antibody
(BC-100–520; novus biological) overnight at 4 1C. When double
labeling was performed, cells were incubated with both antibodies
together. After being washed three times with PBS, the cells were
incubated with the secondary antibody, goat anti-rabbit immuno-
globulin G (IgG) (1/400; Alexa Fluor 405; Molecular Probes), for
1 h at RT. Following this incubation, the cover slips were mounted,
and examined using a Nikon Eclipse 90i microscope. Data were
collected utilizing appropriate prepared controls lacking the pri-
mary antibodies. The captured images were adjusted for contrast
and brightness using Adobe Photoshop software.
Animal infections
The CoreΔIAIMv mutant was assessed for its virulence pheno-
type in swine relative to the virulent Brescia strain. Swine used
were 10–12 weeks old, forty-pound commercial breed pigs inocu-
lated intranasally with 105 TCID50 of either CoreΔIAIM or wild-
type parental virus (BICv). For screening, pigs were randomly
allocated into groups of 5 animals each, and pigs in each group
were inoculated with either CoreΔIAIM mutant virus or BICv.
Clinical signs (anorexia, depression, purple skin discoloration,
staggering gait, diarrhea and cough) and changes in body tem-
perature were recorded daily throughout the 21-day experiment.
Total and differential white blood cell and platelet counts were
obtained using a Beckman Coulter ACT (Beckman, Coulter, CA).
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